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Sex chromosomes are thought to have evolved from
an ordinary autosomal pair in a process involving
progressive reduction of recombination between the
X and Y chromosomes. A recent study of X-Y locus
AMELOGENIN in mammals has provided new
insights into how X-Y recombination is suppressed
and the consequences of this suppression.
In many animal and plant species, sex determination
involves an homologous but heteromorphic chromo-
some pair, the X and Y sex chromosomes. These chro-
mosomes generally differ greatly in length and
sequence content, except in the ‘pseudoautosomal’
region, where X-Y recombination still occurs in male
meiosis. In a pioneering study, Lahn and Page [1] inves-
tigated the highly differentiated and nonrecombining
part of the human sex chromosomes. They studied
sequence divergence between 19 pairs of homologous
genes with one X and one Y copy — ‘gametologous’
pairs — and the genes’ physical positions on the X and
Y maps. They found four different groups of genes dif-
fering in divergence at synonymous sites (Ks) between
gametologues. Interestingly, these groups form an
orderly pattern on the X, with the least diverged group
closest to the pseudoautosomal region. Synonymous
sites evolve neutrally in mammals, so Ks values can be
converted into divergence times between X and Y
copies. X-Y gene pairs are therefore stratified by age
along the X, and the Ks-defined groups were termed
strata [1].
From their observations, Lahn and Page [1]
proposed that the evolution of mammalian sex
chromosomes was punctuated by four recombination-
suppressing events, possibly a series of Y inversions
[1]. Y inversions were postulated because: firstly, on
the Y the strata appear to be scrambled; and secondly,
the Y, but not the X, copy of a gene, XG, which over-
laps the current human pseudoautosomal boundary, is
truncated. Each such event would have suppressed X-
Y recombination over a sequence region, creating a
new pseudoautosomal boundary and initiating a
process of X-Y differentiation distal to this pseudoau-
tosomal boundary, leading to the evolution of a new
stratum with less X-Y differentiation than the existing
older strata. Lahn and Page’s results [1] suggest that
the earliest of these Y inversion events, which created
stratum 1, was roughly contemporaneous with the
birth of the mammalian sex chromosomes and the
emergence of the SRY gene as the primary sex deter-
minant, about 240–320 million years ago. Between the
second and third events — which created strata 2 and
3, respectively — the pseudoautosomal region was
expanded by translocation of autosomal material onto
the X-Y pair. The fourth, most recent, event occurred
during primate evolution, creating stratum 4, where X-
Y differentiation is still in its earliest stages.
Iwase et al. [2] recently revisited this model for the
evolution of mammalian sex chromosomes. They
focussed on the boundary between strata 3 and 4,
where they looked for footprints of the predicted Y
inversion — perhaps including the missing part of the
Y copy of the XG locus. They sequenced the genomic
sequences of X and Y copies of the AMELOGENIN
(AMEL) locus in eight mammalian species. This gene
had been predicted to be near [1], perhaps even
overlap [3], the strata 3/4 boundary. In the aligned X
and Y copies, a sharp decrease was observed in the
total X-Y divergence (p) within AMEL, defining two
regions: the 5′ A region, with p ~30%, and the 3′ B
region, with p ~10%. Strikingly, Iwase et al. [2] found
that regions A and B yield very different phylogenies.
For region A, the X and Y sequences form separate
clusters, but this is not found for region B. These
results indicate that, in region A, only one ancient
recombination-suppressing event led to X-Y differenti-
ation. In contrast, region B seems to have experienced
multiple, more recent events of recombination sup-
pression. This strongly suggests that AMEL is located
at an ancient pseudoautosomal boundary. There has
clearly been a long period of time during which region
B has undergone recombination but region A has not.
This phylogenetic analysis, however, was conducted
using all the available data, including ambiguously
aligned regions. Trees were reconstructed using the
neighbour-joining method, and the observed diver-
gence values as measures of pairwise distances
between sequences. This is not a good strategy,
because it does not account for multiple substitutions
at the same site. A phylogenetic analysis using
maximum likelihood, and restricted to unambiguously-
aligned segments, reveals more than two regions in
AMEL — most likely five — and probably 9–11 inde-
pendent X-Y differentiation events in total (Figure 1).
Thus, the suppression of recombination may have
been more gradual than would have been the case
under the inversion hypothesis (but see below). More-
over, no sign of a Y inversion has been found near the
putative strata 3/4 boundary. The Y copy of AMEL is
non-truncated in the eight mammals analyzed [2].
Thus, the suppression of X-Y recombination may have
proceeded by another, as yet unidentified mechanism. 
The new data [2] may also provide some insights into
another issue: the evolution of base composition in
mammals. The mammalian genomes, and those of ‘rep-
tiles’ and birds, are a mosaic of large (>100 kilobase)
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regions showing more or less homogeneous G+C
content, the G+C content of various regions ranging
from 35–60%. Such regions have been called ‘iso-
chores’ by Bernardi, their discoverer. Several genomic
features correlate with isochores: in high GC regions,
gene density is higher, introns are shorter and trans-
posable elements are fewer [4]. Interestingly, there is a
correlation between isochore structure and recombina-
tion rate in mammals [5]. 
A recent study [6] focusing on the Fxy gene has
provided further evidence for such an association. The
Fxy gene is X-specific in most rodents and in humans,
and has recently been translocated to the pseudoauto-
somal region in some mice. In male meiosis, the
pseudoautosomal region experiences an extremely high
rate of recombination because the obligatory one cross-
ing-over per meiosis for each pair of homologous chro-
mosomes is restricted to this region for the X and Y pair.
As predicted from the correlation just mentioned, the
Fxy translocation was apparently followed by a dra-
matic increase in the G+C content at synonymous sites
(and noncoding DNA), and also by the appearance of
other characteristics of GC-rich isochores [6].
In contrast to Fxy, the AMEL locus has moved,
perhaps gradually, from the recombining pseudoauto-
somal region: the Y copy has moved to the non-recom-
bining part of the Y, and the X copy has moved to a part
of the X with a lower rate of recombination. We exam-
ined the GC-content in various regions of the X and Y
copies of the AMEL locus. As shown in Figure 1, CG-
content is low in the 5′ region of the X copy of AMEL,
increasing as one moves in the 3′ direction from this
region. This is what one would predict if GC-content
starts to decrease after the cessation of recombination
in a region, in agreement with the literature cited above.
The decay appears greater in the Y copy than the X
copies, probably because recombination is entirely
suppressed on the Y, while the X chromosome still
recombines in females. This was confirmed by analysis
of the AMEL coding sequence. For the two exon-con-
taining regions A2 and B3, Figure 2 shows the G+C
content at third codon positions (GC3) and Ks between
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Figure 1. Phylogenetic analysis along the AMEL locus.
The 6.4 kilobase human AMEL X locus is shown at the top. Open boxes indicate coding exons and grey boxes unambiguously aligned
regions used in the phylogenetic analyses. Five regions were arbitrarily defined. The number of sites used for phylogenetic analyses
and the GC-content of each region are given within parentheses. The eight species in the phylogenetic analysis are simian primates
(human and chimpanzee), nonsimian primates (saimiri, lemur and otolemur) and nonprimate mammals (horse, pig and cattle). Trees
were built using the fastDNAml algorithm [10]. X-Y differentiation events are marked by circles. Closed circles indicate independent
events — events supported by a local region of AMEL, but not by more 5′ regions. All of these events except two in the region A2
were supported by bootstrap values >90%.
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the gametologues. In every species, the GC3 of both X
and Y copies increases from 5′ (higher Ks) to 3′ (lower
Ks), the X copy is GC-richer than the Y copy, and the
difference is often higher for the region with the higher
X-Y divergence (A2). These results support the hypoth-
esis that recombination has played a major role in GC-
content evolution in mammalian genomes. 
The GC3 and Ks values between the X and Y copies
of AMEL are, however, highly variable between
species. In the case of pig AMEL, for example, the
region B3 sequences show Ks = 0, significantly differ-
ent from the estimated X-Y divergence date for this
region. This suggests that, in pig, the X and Y copies of
the AMEL locus have undergone gene conversion
events which homogenized their sequences. The
possibility of gene conversion between the X and Y
copies complicates the interpretation of the AMEL
data, and of sex chromosome evolution generally.
First, gene conversion might explain, at least partly, the
differences between phylogenies reconstructed for dif-
ferent AMEL regions (Figure 1). An analysis of just the
non-coding regions (supposedly less prone to gene
conversion than coding regions [7,8]) did not change
the trees, however. Secondly, if gene conversion
occurs, divergence between gametologues estimated
from Ks values might not reflect the times when recom-
bination was suppressed — that is, when the
pseudoautosomal boundary moved. Rather, diver-
gence estimates the time of the most recent gene con-
version event between the two diverged copies. 
Finally, we suggested above that the reported
correlation between GC3 and Ks in AMEL could be
explained by a GC decrease following recombination
suppression, but gene conversion suggests an alter-
native possibility. Biased gene conversion is probably
the mechanism by which recombination leads to an
increase in GC base pairs [7,9], so genes homogenized
by gene conversion should also have increased GC
content, as observed. A similar case of gene conver-
sion between the Zfy and Zfx gametologues, which are
not in the pseudoautosomal region, has already been
reported in the cat and other felids [8]. The amount of
gene conversion between X and Y sequences may
thus need to be assessed in studies of sex chromo-
some evolution in mammals.
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Figure 2. GC-content and divergence at
synonymous sites along the AMEL locus.
Only species with X and Y sequences for
both A2 (in 5′ region of AMEL) and B3 (in
3′ region of AMEL) were included. Coding
sequences in region B2 were excluded
because of major length differences
between the X and Y copies of AMEL, and
among species, so the GC3 and Ks values
cannot be compared. The numbers of
synonymous sites used in the analyses
were 18 in A2 and 117–142 in B3. The
numbers of synonymous substitutions per
site (Ks) were estimated by the method of
Li as implemented in JaDis [11]. Grey
bands indicate the mean Ks values for A2
(0.3) and B3 (0.1). GC-content was mea-
sured in the third positions of codons
(GC3).
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